Abstract
INTRODUCTION
The vast majority of native organisms (prokaryotes and eukaryotes) and crops synthesize and accumulate many organic osmolytes that contribute to their osmotic adjustment to the environment and help achieve osmoregulation within the cells. Solutes such as proline, glycinebetaine (GB), soluble sugars and organic acids play many physiological and biochemical roles in response to environmental stresses such as salinity, drought, low and high temperatures, organic and inorganic contaminants and possibly other types of threats (Greenway and Munns 1980; Flowers 1985; Hasegawa et al. 2000; Yasseen 2014 Yasseen , 2016 . Many authors (Becker et al. 2014; da Costa 2008, 2009; Hänelt and Müller 2013; Kavi Kishor et al. 2005; Oren 2008 ) have discussed the mechanisms of osmo-adaptation of these organic solutes and the molecular and genetic approaches to their biosynthesis in these organisms. In fact, their roles and functions over the last 50 years have been confirmed in plant tissues under stress conditions:
1. Cytoplasmic osmotica (these solutes) may play a significant role in osmoregulation within plant tissues. In fact, histochemical, biochemical and physiological evidence in many plants indicate that compatible solutes can help maintain osmotic balance within the cell, as the osmotic potential of vacuoles is lowered by inorganic ions (e.g. Na + and Cl − ), while organic solutes such as proline, GB and soluble sugars accumulate in the cytoplasm (Greenway and Munns 1980; Hanson and Wyse 1982; Yasseen 1992) . Moreover, there is evidence in halophytic plants that many cytoplasmic enzymes and cellular organelles are sensitive to high concentrations of inorganic ions, as well as ion compartmentalization between the cytoplasm and vacuole. This led a number of researchers to postulate a requirement for non-toxic cytoplasmic osmotica to fulfill this role, for example, GB was highly concentrated in tissues of low vacuolation, whereas vacuolated tissues contained lower levels. This conclusion was supported by histochemical studies that found compatible solutes (e.g. organic GB, proline and inorganic K + ) were located in the cytoplasm to perform vital physiological and biochemical roles maintaining the cell machinery, while Na + and Cl − ions, which have few active roles, were sequestered in the vacuole (Wyn Jones and Storey 1981) . 2. The protection and maintenance roles of these organic solutes include sustaining the cellular turgidity and hydration processes, and they tend to be sequestered away from the hydration sphere of proteins, thereby stabilizing cellular organelles and sub-cellular structures, while protecting enzyme systems and their activity Low 1985; Trovato et al. 2008; Verbruggen and Hermans 2008) . For example, many enzymes are not inhibited by GB at concentrations of up to 0.5-1.0 × 10 3 mM, and such solutes have proven efficient in alleviating the inhibitory actions of NaCl on many enzymes (Paleg et al. 1985; Pollard and Wyn Jones 1979; Yasseen 1992) . Moreover, other studies have shown that proline and GB play significant roles in the protection of enzyme systems and cytoplasmic organelles against heat stress (Nash et al. 1982) . 3. These osmolytes have been shown to confer some level of resistance against extreme environmental stress in plants, particularly those in the wild (Ohnishi and Murata 2006) . 4. They can also act as scavengers for reactive oxygen species (ROS) of various types [e.g. hydrogen peroxide (H 2 O 2 ), hydroxyl free radicals (HO·) and superoxide anions (O 2 − )] that are often produced under extreme salinity conditions and perhaps other environmental conditions as well (Chen and Murata 2011; Hare et al. 1998; Smirnoff and Cumbes 1989) . 5. Some of these osmolytes are a source of amino groups and energy and act as a sink for the nitrogenous compounds derived from their metabolism (Hare and Cress 1997) . 6. Sustained photosynthetic activity by maintaining chloroplast volume (Rajasekaran et al. 1997) , improving photosystem II efficiency, reducing photorespiration and easing the flow of CO 2 into mesophyll tissues by increasing stomatal conductance (Ben Hassine et al. 2008; Mäkelä et al. 1999) . 7. They can also play other roles including acting as signaling or regulatory molecules (Karatan and Watnick 2009; Moynihan et al. 2009; Sakamoto and Murata 2001) Changes in soluble sugars such as fructose, glucose and sucrose have received much attention, but there are conflicting conclusions on the responses of both glycophytes and halophytes, as the contributions of these compounds to osmotic adjustment depend on the growth stage, composition of the growth medium and environmental conditions. Organic acids, which include those of the Krebs cycle (e.g. citric, malic and fumaric acids) and others, such as oxalic and ascorbic acids, significantly change under stress conditions. For example, Flowers et al. (1977) found that Mesembryanthemum crystallinum, like many other succulent plants, accumulates malic acid during CAM photosynthesis, with the concentration of this organic acid reaching high levels in both the cytoplasm and vacuole, and playing various metabolic roles during stomatal movement. Evidence from other halophytes such as Atriplex spongiosa showed that cations (e.g. Na + ) were sequestered along with oxalic acid in organelles having little metabolic activity (e.g. vacuoles). This mechanism, found in many halophytes (e.g. Halogeton glomeratus, Bassia kochia and Rhagodia species), can be considered an exclusion mechanism to maintain the active machinery of the cells. Another organic acid, ascorbic acid (vitamin C), might also play a role under osmotic stress. This organic acid is synthesized in various plants by an oxidase enzyme under extreme saline conditions. As an enzyme cofactor, ascorbic acid has many roles and functions related to photosynthesis and growth, especially when the plants are living under stress conditions (Nahar et al. 2011) . These functions include accelerating hormone biosynthesis, acting as an antioxidant agent and playing a role in defense functions against various types of threats (Conklin 2001; Smirnoff and Wheeler 2000) . These compounds can play significant roles in the biochemistry and physiology of plants by controlling the osmotic and ionic balance within the cell, thereby sustaining its machinery by sequestering active metabolic sites away from the adverse impact of the ionic effects of salt stress.
During the past two decades, the effects of associated or related with microorganisms on the accumulation of compatible solutes in higher plants have been discussed as a new biological approach to solving different economic, agricultural and health problems that mankind currently faces. Yasseen (2016) has recently discussed the possible origin of the biosynthesis of osmolytes in plant-microorganism systems and the prospects for future studies. These discussions should be utilized to implement practical plans to clarify the origin of these pathways, as will be discussed in this review. Therefore, the objectives for such studies are to: (i) identify the microorganisms at the rhizosphere and phyllosphere as well as the adjacent microorganisms that might play a role in the performance of plants in natural habitats; (ii) investigate the relationships between plants and their adjacent and associated microorganisms; (iii) study the salt glands on plant organs and the possible presence of microbes in such tissues; (iv) measure the compatible organic solutes found in plant-microorganism systems under stress conditions; and (v) determine the origin of the biosynthetic pathways that produce compatible solutes in these systems, (vi) dissect the molecular basis of some genes in microorganisms that are similar in action to those found in plants and (vii) evaluate the possible phylogenetic relationships between plants and microbes that are adjacent or associated with each other.
RESULTS AND DISCUSSION OF EXPERIMENTS AT ARABIAN GULF REGION

Solute accumulation in arid and saline environments
A limited number of studies have concentrated on compatible solutes in native plants in the natural habitats of the Arabian Peninsula. In Qatar, however, the investigations of plants over the last decade have shown that the native plants (xerophytes and halophytes) exhibit different abilities to accumulate organic solutes (e.g. proline, soluble nitrogen and sugars) to cope with the harsh environment and to balance the osmotic stress faced by them (Abdel Bari et al. 2007; Ashraf and Foolad 2007; Yasseen 2016) . Other articles have discussed the possible reasons behind the large differences in proline content in these plants (Yasseen 2011 (Yasseen , 2016 Abu-Al-Basal 2008, 2010; Yasseen and Al-Thani 2013) . Native plants from the coastline of the Arabian Gulf, the Sabkhas and inland showed widely differing abilities to accumulate proline (Youssef et al. 2003) . For example, a high proline content was found in plants such as Ochradenus baccatus, Tetraena qatarense (Zygophyllum qatarense), Limonium axillare and Suaeda vermiculata, while low proline concentrations were found in others such as Seidlitzia rosmarinus, Suaeda aegyptiaca, Halopeplis perfoliata, Anabasis setifera and Avicennia marina. Halophytes and xerophytes that have low proline concentrations may be accumulating other compatible solutes such as GB, thereby providing some level of adaptation, resistance and defense against the harsh environment in this part of the world (Ajmal Khan et al. 2014; Yasseen 2011; Yasseen and Al-Thani 2007) . Youssef (2009) studied various solutes, doing comparisons between them in halophytes in coastal areas at two different sites in Saudi Arabia and Egypt. These investigations clearly showed that the halophytes on the eastern coast of Saudi Arabia retained high soluble protein and sugar, proline and total organic osmolytes, which were accompanied by the high activity of enzymes such as catalase and glutathione reductase. In comparison, those on the eastern coast of Egypt showed high levels of photosynthetic pigment and free amino acids accompanied by high peroxidase activity. Moreover, salinity can induce the halophytic succulent M. crystallinum, found among the flora of the Gulf States, to switch to CAM photosynthesis, which requires CO 2 fixation at night. Its acceptor, phosphoenol pyruvate, may arise from the breakdown of starch stored in the chloroplasts of mesophyll tissues (Haider et al. 2012) .
Regarding the accumulation of organic solutes in wild plants in Qatari habitats, Yasseen (2011) discussed the possible exchange roles of proline and soluble sugars. Both of these solutes can be used for osmoregulation, and the origin of proline may be from carbohydrate degradation, as nitrogen sources are limited in such systems (Kavi Kishor et al. 2005; Yasseen et al. 2006) . A study (Abbas 2008 ) of the exchange roles of proline and soluble sugars during germination in Jordanian barley cultivars (ACSAD 176 and RUM) found that proline accumulated in the germinating grains in response to salt stress and was concurrent with a reduction in total soluble sugars (monosaccharides and sucrose). The study concluded that most of the proline found in the seedlings originated from the degradation of polysaccharides in the endosperm rather than from protein stored in the aleurone layer; these results support Stewart's (1981) conclusion that carbohydrates provide the main carbon skeleton for proline production rather than deriving from proteolysis. However, other studies (Dierks-Ventling and Tonelli 1982; Rao and Nainawatee 1980) have suggested that proline accumulation may result from protein degradation, indicating that metabolic inter-conversions of amino acids that leads to proline might be taking place (Yasseen et al. 1989) . Moreover, both pathways of proline biosynthesis (glutamate and ornithine) require ATP and NADPH, which come primarily from the degradation of energy-rich sugars. This hypothesis is supported by the fact that the pentose-phosphate pathway and maintenance respiration are accelerated under stress conditions, which would provide the NADPH and ATP necessary for proline biosynthesis (Abbas 2008; Briens 1975; Kalir and Poljakoff-Mayber 1976; Hanson and Hitz 1982; Schwarz and Gale 1981; Yasseen 1992) .
The variability among these plants has been attributed to various factors: (i) native plants might have different metabolic responses to severe environmental conditions; (ii) maintaining the flow of water from soil solutions to plant tissues may be attributable to the biosynthesis and accumulation of soluble organic osmolytes (including amino acids such as proline, nitrogenous compounds, sugars and organic acids) and inorganic ions (including Na + , Cl − and K + ) inside these tissues.
Energy (ATP) and reducing power (NADPH) are required for the active transport and extrusion of ions as well as the biosynthesis of some organic solutes (Liang et al. 2013; Paleg and Aspinall 1981; Yeo 1983) ; and (iii) close attention should be paid to GB in the native plants of the Arabian Gulf region, as it may contribute to the osmotic potential of the plant tissues in addition to maintaining the osmotic balance within the cells and the water balance between the plants and their environment (Yasseen and Al-Thani 2013; Yasseen 2016) . Based on this discussion and a substantial number of published articles, there are two systems operating in plants during the different stages of their growth and development: (A) Germination Stage: depending on the plant species, seeds store three primary complex food reserves (carbohydrates, proteins and fats) that can be considered the main sources of soluble solutes for osmotic adjustment and osmoregulation, and they are found in most plant seeds and (B) Vegetative Growth Stage: during this stage, plants depend on photosynthesis to form soluble sugars and on other biochemical reactions to synthesize amino acids.
During seed germination and the seedling stage, plants are dependent on the macromolecules stored in the embryonic axis, endosperm and cotyledons of the seed. In protein-rich seeds such as fenugreek (Trigonellafoenum-graecum L.), the proteins are degraded to produce amino acids (e.g. proline), some of which are used to maintain osmoregulation during osmotic stress. However, a study by Alhadi (1996) revealed a substantial reduction in soluble nitrogen constituents as the osmotic potential of a solution decreased around the seeds, which was explained by the inhibition of proteolytic enzyme activity (Sheoran and Garg 1978) . Soluble sugars, on the other hand, reached high concentrations when the osmotic potential was high (less negative) due to the substantial degradation of polysaccharides such as the starch in the embryo and endosperm. However, when the osmotic potential of the growth media around the seeds was reduced (more negative), a substantial decrease in soluble sugars occurred as a result of biochemical conversions that lead to proline accumulation, especially during the darkness conditions of germination studies (Abbas 2008) . Other studies on cereal crops such as sweet corn (Sorghum bicolor L.) under stress produced contradictory outcomes regarding carbohydrate (e.g. monosaccharides, sucrose and starch) levels as proline accumulated (Kafi et al. 2003) .
During the vegetative growth stages, photosynthesis and perhaps other metabolic reactions are the main source of most soluble solutes found in plants. Thus, disturbances in these physiological and biochemical activities could lead to significant setbacks in the growth parameters of plants under stress (Alhadi 1996; Turner and Jones 1980; Yasseen 1983; ). Alhadi's (1996) study on the local Yemeni fenugreek cultivar revealed much about the accumulation of organic solutes under water stress. Soluble sugars and nitrogen fractions accumulated in plant organs as the soil water potential decreased; these solutes could play a significant role in the osmotic balance between the plants and their growth media (Alhadi et al. 1999) . These changes in the accumulation of soluble sugars under osmotic stress were attributed to the following causes: (i) disturbances in the balance between the photosynthesis that build sugars and the processes consuming them during respiration and the biosynthesis of compatible solutes; (ii) variable stomatal resistance under stress conditions, a situation that might affect CO 2 fixation and (iii) disturbances in overall metabolic activities, which could explain the changes in soluble sugars under saline conditions. These include increased amylase activity, reduced invertase (β-fructosidase) activity and changes in the synthesis and activity of enzymes that catalyze the biosynthesis of sucrose such as sucrose phosphate synthase and sucrose synthase (Yasseen 1992) . Many reports have shown such disturbances in the biological activities in plants under various types of stress conditions. Starch hydrolysis, for example, leads to the formation of soluble sugars, which accumulate to perform important functions as compatible solutes. Alhadi et al. (1999) concluded that the accumulation of NO 3 -N in the leaves of fenugreek plants was the result of a reduction in the activity of nitrate reductase. In addition, the accumulation of proline with decreasing soil-matric potential could be the result of increasing NH 4 -N, which might be used to contribute to the formation of proline as a product of ammonia detoxification (Rao and Nainawattee 1980) . Moreover, specific types of proteins may be changed (Nouri et al. 2015) , increased (Arumingtyas et al. 2013; Singh and Rai 1982) or decreased (Mohammadkhani and Heidari 2008) ; such changes in proteins and/or their levels could provide protection against severe environmental conditions or cause setbacks in many physiological or biochemical activities.
Native plants with oil-rich seeds have received little attention in the Arabian Gulf region. Such plants would be ideal for observing the biochemical reactions occurring when reserved lipids are converted to soluble sugars such as sucrose. These activities need the collaboration of four organelles and compartments as well as membrane transporter systems to convert a significant amount of stored lipids into a mobile form of carbohydrates (Taiz and Zeiger 2010) . The environmental conditions these plants face in their natural habitats can have a significant negative impact on all stages of their growth and development, including germination, vegetative growth and productivity. Such negative responses would be the result of changes in many physiological and biochemical aspects, including solute accumulation, enzyme activities and changes in many physiological parameters. For example, Bybordi and Ebrahimian (2011) found that in solution cultures with high salinities (150 and 200 mM), Canola (Brassica napus L.) leaves had significant reductions in their nitrogen and phosphorus metabolism parameters, including many nitrogen and phosphorus enzyme systems. These physiological and biochemical responses caused substantial reductions in the growth parameters and biomass of this plant. Tabatabaei and Naghibalghora (2014) studied the biochemical activity in sesame seeds during germination and found that proline content and ascorbate peroxidase and catalase activity significantly increased as the osmotic potential decreased due to salt stress. Proline in oil seeds growing under stress conditions may result from the degradation of stored lipids to form soluble sugars such as sucrose. This could provide a major source of organic acids such as α-keto glutaric acid (oxoglutaric acid) during Krebs cycle reactions, which if followed by a transaminase reaction can form glutamic acid, a precursor of proline biosynthesis. Yet no biochemical studies on the native plants of Qatar and other Arabian Gulf states rich in oil compounds is available. However, many Brassica spp. are promising candidates for such future studies given that many species of this genus [e.g. Canola (B. napus L.)] are cultivated primarily for the edible oils from their seeds (Abdel Bari 2012; Al-Easa et al. 2003) .
Solute accumulation in response to pollution
As a consequence of the expansion of industrial and human activities, increasing levels of water, soil and air pollution are considered a real challenge today and are now recognized as a major problem mankind faces. Pollutants of all kinds due to these activities have long been observed, beginning with the extraction and production of oil and gas in many countries around the world. Moreover, during the past three decades, three major wars (1980, 1991 and 2003) have been engaged in the Middle East, causing considerable changes to the environment and adversely impacting the biodiversity and vegetation in the region. For example, 4-6 million barrels of crude oil were spilled into the Arabian Gulf during the war of 1991, creating significant threats, not only to wildlife, but to the general public health as well (Fayad et al. 1992) . The accumulation of various kinds of oil products in these ecosystems could be toxic and harmful, threatening humans, livestock and wildlife in addition to leading to many losses in the economic, agricultural and health sectors (Freije 2015; Naser 2013; Yasseen 2016) . Salinity and desertification are additional problems threatening the agricultural economics of the region, especially in the Arabian desert. Climate change, excessive water evaporation, a scarcity of rainfall and the leakage of seawater into the water table and local wells could be reason enough for the harsh drought and salinity conditions in this region (Yasseen and Al-Thani 2013) . In fact, governments, universities and research centers have been concentrating on these problems by adopting innovative approaches and modern technology. For example, great success has been achieved in the past three decades in efforts to improve the resistance of crops to these environmental stresses (Arzani 2008; Ezawa and Tada 2009; Yasseen 2016; see Yasseen and Al-Thani 2013, for others) . Innovative techniques such as bioremediation and phytoremediation that use microorganisms and plants, respectively, are new modern approaches to tackling the problems of pollution and removing and/or neutralizing toxic organic and inorganic components resulting from industrial wastewater or high salinity in the soil and water, and many have proven to be effective around the world (Yasseen 2014) . Moreover, aspirations, hopes and plans to find solutions to such outstanding threats await implementation and utilize modern genetic and biotechnological approaches or adopt alternative biological solutions, primarily the use of microorganisms or associated/adjacent plants (Hanin et al. 2016 ). An interesting study of this nature worth mentioning is that by Aburas (2010), who worked with plants and their associated microorganisms such as fungal species (Trichoderma harzianum, T22) to remediate desert soil in Saudi Arabia that was polluted with petroleum hydrocarbons from crude oil.
Pollutant accumulation in plants
Heavy metals and petroleum hydrocarbon compounds are the main pollutants found in wastewater produced during gas and oil production and various other industrial activities. These pollutants accumulate in the soil, irrigation water and fresh water ponds, thereby exposing the entire ecosystem to serious risk. Applying phytoremediation (or phytomining, i.e. growing plants to harvest the metals) methods as clean technologies to remove various kinds of contaminants encounters a number of difficulties and challenges. The primary difficulty is that local authorities have a limited capacity to implement such techniques and create a system of effective laws and regulations, because many countries lack information, experience and data about these cost-effective methods. Phytoremediation technologies have yet to be applied on a large scale in the Arabian Gulf states to eliminate persistent organic pollutants such as petroleum compounds and/or inorganic components such as heavy metals (Kumar 2016; Yasseen 2014 ). The last decade, however, has seen some promising efforts in Saudi Arabia to deal with the contamination of industrial wastewater and oil using native plants and crops. For example, native plants in Saudi Arabia such as the aquatic plants Phragmites australis and Cyperus laevigatus have proven to be a good choice and the best to implement such techniques for dealing with soils contaminated with heavy metals (Badr et al. 2012) . Al-Sulaiti et al. (2013) have concluded that in Qatar, P. australis was not only efficient in removing contaminants (organic and inorganic) from the industrial water of oil and gas fields, but it also flourished in such soils when other native plants and crops failed to do so. Ibrahim et al. (2013) also evaluated some wild plants for removing heavy metals from contaminated soils. Their study covered the aquatic P. australis along with Malva parviflora, Lycium shawii and Rhazya stricta, which showed high abilities for extracting heavy metals (phytoextraction) such as Cd and Pb, whereas other native plants (Datura stramonium and Citrullus colocynthis) were active in immobilizing other trace elements (phytostabilization) in soil polluted with Ni and Cu. Al-Dhaibani et al. (2013) investigated the ability of crops such as sunflower (Helianthus annuus L.) to eliminate Cd from contaminated soil in Saudi Arabia and found that this plant is an efficient phytoremediator that lowers the toxicity levels of trace elements in the soil. Al-Hafedh et al. (2014) tested the bioremediation potential of Ulva lactuca (green seaweed) on the west coast of Saudi Arabia in removing ammonia nitrogen and phosphate phosphorus from effluent water.
Many wild and cultivated plants (hydrophytes, xerophytes, halophytes and mesophytes) around the world can be used in phytoremediation efforts to remove and/or immobilize heavy elements, especially when at high concentrations in the soil and water (Frick et al. 1999; Hegazy et al. 2011; Lasat 1996; Liu et al. 2010; Yasseen 2014) . These plants are called hyper-accumulators (Ghosh and Singh 2005; Ndimele 2010 ), a term used to describe plants that have the ability to accumulate substantial amounts of trace elements without any sign of toxicity (Rascio and Navari-Izzo 2011) . Some of these wild plants have been widely used in engineered wetlands to treat industrial wastewater from oil and gas fields, a process that could produce water suitable for crop irrigation, helping to alleviate the scarcity of water for agricultural purposes (Al-Sulaiti et al. 2013; Babovic et al. 2010; Fritioff et al. 2005; Wang et al. 2003) .
Phytoremediation is a successful technique that has been used worldwide to combat organic soil pollutants. The technique has focused on the following classes of compounds: (i) chlorinated solvents, (ii) explosives, (iii) petroleum hydrocarbons, (iv) polynuclear aromatic hydrocarbons, (v) polychlorinated biphenyls, (vi) pesticides, (vii) BTEX (benzene, toluene, ethylbenzene and o-, m-, and p-xylenes) and (viii) chlorinated phenol and others (Alkorta and Garbisu 2001; Ferro et al. 1994; Vidali 2001 ). The two main routes reported to sequester these organic pollutants are absorption by plants and microbial degradation in the rhizosphere. It is a matter of controversy whether most of the organic compound degradation is due to the activity of microbes at the rhizosphere (bioremediation) or by phytoremediation, that is, the absorption of these compounds by the plants, thereby considerably reducing their concentrations in the soil (Frick et al. 1999; Ndimele 2010) . Moreover, the plants may enhance the process of biodegrading organic contaminants since their roots release growth promoting substances that supply the nutritional needs of these microbes (Alkorta and Garbisu 2001). The roots and leaves of many plants can also absorb organic compounds by direct absorption, as most of these compounds are lipophilic and able to cross plasma membranes by simple diffusion through thin and unsuberized cell walls. When the organic compounds enter the plant cells, they might become bound and thus less biologically available (or even completely unavailable) for normal chemical extraction. One possible way to get rid of the accumulated organic contaminants is to harvest and incinerate the plants to destroy the contaminants. A novel example of this approach was reported by McMullin (1993) in which carrots were used to efficiently absorb dichlorodiphenyltrichloroethane, followed by their harvest and incineration. Investigations are needed to determine the fate of these compounds in plant metabolic pathways to ensure that after degradation, their remains, products and debris do not enter the food web, which could harm the humans, animals and plants of the ecosystem. Another previously reported example is plant roots accumulating organic pollutants, which are then translocated to the top of the plant and volatilized from the leaf surfaces (Cunningham and Ow 1996) . Various plant species, with their associated soil bacteria and fungi, can be used for the bioremediation and phytoremediation of soil polluted with petroleum hydrocarbons (Frick et al. 1999; Ndimele 2010) .
Accumulation of compatible solutes
When plants remediate organic reserves of carbon, energy and nutrients, it could place them under stress and disturb their physiological and biochemical functions (Yasseen 2014) . Compatible osmolytes accumulate as a stress response, and many reports have indicated that proline and solutes such as GB and trehalose accumulate due to heavy metal or other types of environmental stress (Hare and Cress 1997; Saradhi and Saradhi 1991; Sharma and Dietz 2006) .
These compatible osmolytes may confer roles against abiotic stresses to protect sub-cellular structure, stabilize proteins and the membrane systems of the cell, store nitrogen for use after the stress has been relieved and maintain the metabolic machinery of the plant's cells (Duman et al. 2011) . Good examples of the role of compatible solutes in alleviating the impact of heavy metals on biological systems were provided in tobacco and Brassica juncea. Islam et al. (2009) and Ahmad et al. (2012) have shown that although heavy metals in these plants caused disruptions and damage to the membrane systems, it can be reversed by the exogenous application of compatible solutes such as proline and GB. They concluded that these solutes provided some sort of resistance against heavy metals such as Cd and Pb. More evidence has shown that compatible solutes such as GB and trehalose offer a protective role against heavy metal stresses in several native Canola cultivars (Brassica spp.) and aquatic plants such as duckweed (Lemna gibba L.), in addition to counteracting the harmful effects of salinity stress on growth and yield (Athar et al. 2009; Duman et al. 2011; Sakr et al. 2012) . Recent years have witnessed a new era of revolution, as biotechnology has just begun to adopt modern technologies using genetic manipulation to develop transgenic plants capable of remediating and dealing with heavy metal contamination (Czakó et al. 2005; Lone et al. 2008; Mudgal et al. 2010; Wang et al. 2004) .
MICROORGANISMS: A FUTURE SOLUTION
Clear evidence is now available that the microorganisms living adjacent to or associated with wild plants in natural habitats may help them cope with the extreme stresses of drought, salinity and temperature. In fact, a great deal of attention and effort has been invested in the roles of microorganisms as they have long been recognized to facilitate adaptation and support plant performance as they promote plant growth and productivity in their natural habitats (Harley 1952) . A large number of articles and studies have listed the various roles played by microorganisms in supporting soil functions, which include nutrition cycling, pollutant degradation, energy flow, carbon utilization for plant growth (Gougoulias et al. 2014) , compatible solute biosynthesis and the production of secondary metabolites such as antibiotics (Barros and Feijóo 2003) . The combined effect of microorganisms and plants on the biosynthesis of compatible solutes is very interesting. In fact, the attention and efforts of scientists and researchers should focus on this subject, as little work has been done, not just in the Arabian Gulf region, but also worldwide. However, some promising work has begun in the last decade to look at the impact of this association of living organisms on the biosynthesis of compatible solutes, as their accumulation could support the plants in coping with the extreme environmental conditions of arid and semi-arid lands. For example, Fernandez-Aunión et al. (2010) found that inoculating saltstressed legume plants (e.g. Phaseolus vulgaris) with microbial bio-fertilizers not only improved yield and productivity, as later reported by others (Ahemad and Kibret 2014), but it also promoted the biosynthesis of compatible solutes such as trehalose, whose role has since been confirmed in other crops under drought conditions (Vílchez et al. 2016) . Moreover, these articles have suggested that the involvement of rhizobacteria in the promotion of plant growth could be through growth agents secreted into the rhizosphere. The studies have concluded that soil bacteria might have different mechanisms to cope with osmotic stress (e.g. NaCl) and that no single compatible solute is responsible for the osmo-adaptive mechanism that allows them to cope with environmental stresses. Other species of microorganisms (bacteria, fungi and algae) have proven efficient at degrading organic hydrocarbons, removing the trace elements from soil and water (Yasseen 2014 ) that can accumulate, and/or promoting the biosynthesis of organic solutes in their associated plants (Vílchez et al. 2016) .
Microorganisms could play many other significant roles, as they have magnificent and unrivalled traits. For example, some salt-tolerant bacteria have been found to be ideal candidates for improving salt resistance in plants (Nasim et al. 2008) . This objective can be achieved by isolating the salt resistant genes from bacteria, which can then be used to develop salt-resistant crop plants (using molecular biology and biotechnology techniques) to promote saline agriculture (Afrasayab et al. 2010) . Some important physiological and biochemical features in these proposed plants have been suggested that include promoting growth factors and the protective functions of compatible organic solutes against severe saline and arid environments (Shrivastava and Kumar 2015) . Therefore, the active cooperation between plants and their associated and adjacent microorganisms is worth being investigated, because such a combination could confer some resistance against various extreme environmental conditions (Glick 1995; Nakbanpote et al. 2014; Qurashi and Sabri 2011; Ruppel et al. 2013; Yuan et al. 2016) . Possible mechanisms that might be adopted by microorganisms in alleviating the harsh abiotic stresses facing plants, in general, and crops in particular include the following (Fig. 1): 1. The establishment of biofilms, as many reports have suggested that some strains of bacteria have the ability to form biofilms that can sustain and support the growth of field crops such as wheat and chickpea (Afrasayab et al. 2010; Qurashi and Sabri 2012) . 2. The production of polymers (e.g. exopolysaccharides), which with biofilms establish an integral system forming a functional and structural framework, not only producing a physical barrier by the cementing of soil particles, but by retaining the water capacity and sustaining the physicochemical properties of soil against the toxic elements of salinity while reducing the toxicity of the sodium, which would promote plant growth in saline environments (Qurashi and Sabri 2011) . Some salt-tolerant bacterial strains such as Halomonas variabilis, Planococcus rifietoensis, Oceanobacillus profundus and Staphylococcus saprophyticus have been isolated with the ability to adopt these methods under stress conditions Sabri 2011, 2012) . 3. Chemotaxis is the migration of a microorganism towards or away from a chemical stimulant. An example has been found in Argentina where some halophilic bacterial strains such as Halomonas spp. and Nesterenkonia sp. that were isolated from their saline environments displayed chemotactic responses; migrating towards gas oil (D'Ippólito et al. 2011) , one species, namely Halomonas aquamarina, was isolated after a vehicle was sunk in the coastal water of the Arabian Gulf, could have been interesting (Sorkhoh et al. 2010 ) 4. Phytohormone production: Several bacterial species produce growth regulators such as indole acetic acid (IAA), which can strongly influence the growth, not only of the bacteria themselves, but also of the plants associated with them (Spaepen et al. 2007) . Such interaction between bacteria and plants is a strategy of colonization, which includes photo-stimulation and the circumvention of plant defense mechanisms in addition to the IAA production by the bacteria. Plant growth-promoting bacteria (PGPB), for example, could act as a source of signaling molecules that induce direct physiological effects on plant growth (Glick 2012 (Glick , 2014 . A review by Kazan (2013) concluded that auxin biosynthesis is an essential component of the tolerance mechanism of plants against various types of stress conditions. Such a mechanism can improve plant growth and act as an important element of resistance in stressful environments by producing plant growth regulators (Glick 2014) . Other roles played by microorganisms such as plant growth-promoting rhizobacteria (PGPR) include physiological and biochemical parameters covering a wide range of growth stages (e.g. early germination, seedling and vegetative), as well as ROS-scavenging enzyme systems; among these enzymes were superoxide dismutase, ascorbate peroxidase, catalase, glutathione reductase and dehydroascorbate reductase, as well as photosynthetic pigments (Habib et al. 2016) . 5. Nitrogen fixation is another activity that rhizobacteria and other microorganisms perform that provides plants with nitrogen and other major elements under various soil conditions (Ahemad and Kibret 2014). Working with legume plants (e.g. P. vulgaris), Fernandez-Aunión et al. (2010) concluded that some rhizobial strains accumulate compatible sugars under severe environmental conditions, and that this accumulation might contribute to the osmo-adaptive mechanisms of both the rhizobia and their host plants (Miller and Wood 1996) . 6. Phosphate solubilization: different types of bacteria (e.g. phosphate-solubilizing bacteria and phosphate-solubilizing microorganisms) have the ability to solubilize phosphorus salts, making them available for plants, and recent reviews and articles have explained the mechanisms by which these microbes solubilize the phosphate (Khan et al. 2014; Oteino et al. 2015) . 7. Phytohormone-degrading enzyme production: an example of this worth mentioning is PGPB producing 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which reduces plant inhibitors that result from various osmotic stresses and possibly other severe environmental conditions (Glick 2014) . It has been suggested that PGPB may be a solution to the food security crises facing humanity today. Under environmental stress conditions, the use of such bacteria to produce ACC deaminase enzymes to lower ethylene while activating auxins (IAA) by a synergistic mechanism may be one possible approach and solution. Glick (2014) concluded that such bacteria not only promoted plant growth, but also protected plants against major severe environmental factors. 8. The accumulation of endogenous osmolytes is one possible mechanism that could be developed in plant-microbe systems, as such a system could contribute to the performance of native plants in harsh environments (Qurashi and Sabri 2012; Shrivastava and Kumar 2015) . One significant role that bacteria play in such a system is taking Na + up from the growth medium, which eases water availability to the plants thereby improving their water status (Afrasayab et al. 2010) . Alternatively, the bacteria can promote the biosynthesis and transport of organic solutes to plants such as soluble sugars, amino acids and GB and its analogues (Ashraf and Harris 2004; Qurashi and Sabri 2011) . Thus, the role of bacteria inhabiting the soil and living adjacent to or associated with plants is to facilitate the accumulation of organic solutes in the plants (Burg and Ferraris 2008; Dodd and Pérez-Alfocea 2012; Gagné-Bourque et al. 2016; Hanin et al. 2016; Paul and Lade 2014; Wood 2015) . In fact, recent research (Yuan et al. 2016) has found that many halophytes and their associated microbes are fortified with salt resistance genes, and such genetic materials might be used to improve the growth and tolerance of plants living under severe environmental conditions. Such achievements could open the door for further roles of the microbial community related to gene induction and alterations to the cellular proteins, physiology and biochemistry (Bode and Müller 2003; da Costa 2008, 2009; Tanaka et al. 2006) . Under various environmental stresses, these changes and activities might lead to the accumulation of osmolytes that could be used to balance the osmotic stress caused by these conditions, and they could either be synthesized within the cell or transported in from the growth medium (Roberts 2005) . Vílchez et al. (2016) recently found that trehalose, produced by some strains of microorganisms (e.g. Pseudomonas putida), may have the ability to protect crop plants such as tomato and pepper against drought. However, the uptake of compatible solutes from the soil medium for utilization by different types of organisms is an interesting issue, because protein transporters in the plasma membranes may play a crucial role in facilitating their influx to balance the osmotic stress (Dodd and Pérez-Alfocea 2012; Wood 2015; Zhaxybayeva et al. 2006) . One example was reported by Moe (2013) , who discussed the roles of amino acids (e.g. proline and glutamate) released from plants and/or microbes into the soil environment that may serve to support plant growth and improve soil conditions. Other organic components such as GB are solutes necessary for osmotic adjustment to the environment and osmoregulation within cells. Thus far, GB has not been studied in any native plants in the Arabian Gulf region. This compatible osmolyte should be seriously considered in any future plans examining the role of soil microorganisms in improving soil conditions in such harsh environments.
Origin of activities
Three possibilities have been suggested as the origin of plantmicrobe systems accumulating compatible organic solutes: (i) plant-specific biosynthesis with no role played by the associated microbes, that is, the pathways originated in the plants (Delauney and Verma 1993) ; (ii) microbe-specific biosynthesis with no role played by the host plants, that is, the pathways originated in prokaryotes, primarily in actinomycetes, myxobacteria and some bacterial species (Bode and Müller 2003; Empadinhas and da Costa 2008) and (iii) activities unrelated to origin, that is, some genes originated independently in both plants and microbes. Finding similar or even identical metabolic pathways in both prokaryotes and eukaryotes should not be surprising and is a good indication of the unity of life, where all living organisms deal with the environment and its conditions with similar approaches. This leads to a discussion of the possibility of gene transfer from prokaryotes to eukaryotes or vice versa. For example, Bode and Müller (2003) have suggested that the saprophytic relationships between plants and their associated microorganisms may be explained by some genes of the biosynthetic pathways of plants having been taken up by microbes. Other features, traits and metabolic activities found in microorganisms could play a crucial role in their evolution by horizontal gene transfer (HGT; no parent-to-offspring transfer of genes). Much work is yet to be done to evaluate HGT in biological systems, between the same species of microorganisms, from one species of microorganism to another unrelated species, or possibly far beyond that, from microorganisms to plants or other eukaryotes, which may play significant roles in their evolution (Bode and Müller 2003; da Costa 2008, 2009; Rosewich and Kistler 2000) . To achieve the objectives set up earlier in this review and implement the outcomes of these research studies, the following investigations should be undertaken:
1. Information should be collected that includes studying the general characteristics of the plants and microorganisms such as their morphology, habitat and distribution. This topic has been addressed in detail in the Arabian Gulf states; however, many articles and reports from around the world have discussed other important issues. Recently, Phondani et al. (2016) documented the native plants across the State of Qatar and their ethnobotanical uses, covering many aspects such as their identification, botanical names, Arabic names, families, habitats, distribution patterns and the plant parts used for curing a variety of ailments. Such reports may be of great importance when collecting information about native plants for inclusion in an ethnobotanical database, supporting their conservation and restoration, and examining the roles of their associated and adjacent microorganisms in the ecosystem, including their functions with regard to plants. 2. The ecophysiology of plants and microorganisms has also been comprehensively studied in the Arabian Gulf states (Yasseen and Al-Thani 2013; Yasseen 2014 ). 3. Studies should be undertaken aimed at increasing the accumulation of compatible solutes, either by accelerating metabolic pathways or by obtaining these solutes from the medium (Costa et al. 2013) . Prokaryotes, however, respond to osmotic stress by accumulating compatible solutes by uptake from the medium and/or by original biosynthetic pathways. Many halophilic microorganisms should be examined such as Archaea species from the Halobacteriaceae family, which includes extreme halophiles such as Halobacterium, Haloarcula, Haloquadratum, Halorhabdus, Natronobacterium and Natronococcus. Eubacteria of the order Haloanaerobiales and the bacterium Salinibacter ruber should also be included. 4. The biological activities of the microorganisms associated and/or adjacent to native plants also need further study. While some studies have been and continue to be performed in the Arabian Gulf region, other efforts around the globe have covered plant-microbe interactions more extensively. For example, Antón et al. (2002) and Empadinhas and da Costa (2008) reported on the roles of the S. ruber bacterium in making compatible solutes accessible to other organisms that can use them for osmo-adaptation, and possibly other roles. In addition, Naz et al. (2009) reported novel experimental results that they had succeeded in isolating rhizobacteria from saline soils that conferred salt tolerance traits in Glycine max by producing phytohormones. In a review, Dodd and Pérez-Alfocea (2012) discussed the possible roles of soil biota in the growth and development of crops in saline environments, reporting that some aspects of plant physiology and biochemistry that soil microorganisms could play a role in include phytohormonal signaling, plant nutrition, hormonal status and possibly other activities related to photosynthesis and plant-water relations (de Souza et al. 2015) . Vílchez et al. (2016) recently suggested that P. putida bacteria, acting as PGPR, may produce organic solutes such as trehalose that can help these bacteria and their associated plants survive dry conditions. Bacteria such as these could be selected for to boost agricultural success under harsh environmental conditions by other mechanisms, which could include the production of phytohormones, antioxidants and xeroprotectants. Gagné-Bourque et al. (2016) found that timothy-grass inoculated with bacteria (e.g. endophytic bacteria) might play a role in its resistance to drought stress and other agronomic parameters as compared with uninoculated plants. 5. Finally, investigating the phylogenetic relationships between plants and their associated microbes requires adopting modern technology and molecular biology tools to clarify the relationships. Thus far, genetic and phylogenetic analyses have revealed some fact about HGT, as this type of inheritance is considered as exceptions among closely related taxa as well as unrelated organisms that live in similar environments, bearing in mind most inheritance patterns are largely vertical (Beiko et al. 2005; Hanin et al. 2016; Zhaxybayeva et al. 2006) .
CONCLUSION
During the 1980s, two strategies with two different approaches were suggested (Epstein et al. 1980) to tackle the problems of environmental stress on crop production that were causing serious losses in the agricultural sector. These two strategies were (i) better soil for the crops we have, or what is called environmental manipulation and (ii) better crops for the soil we have, or what is called genetic manipulation. However, with the increasing pressures of world population growth, increasing pollution, climate change, desertification, high salinity and health issues, a third approach has emerged during the past decade due to the substantial and desperate need for increasing crop production. Scientists are emphasizing finding environment-friendly biological solutions (Glick 2014) . Microorganisms may provide the ability to cope with these challenges as a sustainable strategy to increase crop yields under harsh environmental conditions (Hanin et al. 2016 ).
